The listing of the Monongahela River as an impaired waterway prompted the Pennsylvania Department of Environmental Protection (PADEP) to adjust aqueous discharge limits to the river to no more than 250 mg/L of sulfate. In response to this, an analysis of water treatment options for a coal mining company was conducted at several non-operating mines in western Pennsylvania that discharge directly or indirectly to the Monongahela River. Given the extremely high capital and operations costs for typical sulfate reduction methods such as reverse osmosis and ion exchange, novel passive and semi-passive treatment options were explored. An ethanol-fed bioreactor system was selected, designed, and constructed in 2014 to test whether sulfate reducing bacteria could be utilized to remove sulfate in alkaline mine water to meet discharge limits. The unique design elements consist of metals removal circuit, ethanol feed circuit, and twin bioreactors bedded with large cobbles and seeded with sulfate reducing bacteria, but containing no additional carbon source. Biochemical performance has shown that sulfate reduction approaches 1500 mmol SO4 m -3/ day during warmer weather, one of the highest rates recorded in the literature. Effluent sulfate ranged from 58 to 400 mg/L at 16ºC and about 1400 mg/L at 2ºC compared to influent sulfate concentrations that averaged 2800 mg/L. In addition, the bioreactor produced 500-1500 mg/L of total alkalinity due to microbial metabolism supported by the ethanol, typically corresponding with sulfate decreases. Effluent metal concentrations were decreased to 1 mg/L Fe and 0.2 mg/L Mn. The recirculation loop was found to remove 90% of iron in the original settling pond prior to entering the reactors to minimize sludge accumulation.
Introduction
The listing of the Monongahela River as an impaired waterway prompted the Pennsylvania Department of Environmental Protection (PADEP) to adjust effluent discharge limits to the river to contain no more than 250 mg/L of sulfate in accordance with USEPA secondary maximum contaminant levels. In response to this regulatory driver, an analysis of water treatment options was conducted for a coal mining company at several non-operating mines in western Pennsylvania that discharge directly or indirectly to the Monongahela River. The analysis reviewed cost and performance data for active and passive systems deemed capable of treating sulfate to 250 mg/L in mine water containing 3000 mg/L at an average flow rate of 1000 gpm.
A common method for removing high concentrations of sulfate from water is through addition of hydrated lime (Ca(OH)2), which precipitates CaSO4 as shown in reaction (1): Na2SO4 + Ca(OH)2 => CaSO4 + 2 NaOH
(1)
Calcium sulfate, which hydrates to become the common mineral gypsum, has a solubility of approximately 2000 mg/L as SO4. Sulfate reduction below 2000 mg/L has previously been possible only through expensive and resource-intensive technologies such as reverse osmosis (RO) or ion exchange (IX). Large volumes of liquid waste are generated with RO and IX, which typically create additional treatment and disposal costs. Overall the capital and especially operation and maintenance (O and M) costs for RO and IX systems are untenable for inactive mine sites that will require treatment in perpetuity.
As a lower-cost semi-passive alternative to RO and IX for treatment of sulfate, bioreactors were explored. Bioreactors have been used in recent years to treat AMD (McCauley et al., 2009; USEPA, 2006) . These anaerobic reactors utilize sulfate-reducing bacteria (SRB) to (1) reduce sulfate to sulfide, (2) precipitate divalent heavy metals to sulfide solids, and (3) produce alkalinity in proportion to carbon utilization by the microbial population. As such, a simple bioreactor can, at least theoretically, treat AMD to water standards normally achieved by lime plants. When high metal concentrations are removed as sulfides, carbonates or oxides, the acidity decreases, and pH increases. Many of the bioreactors are constructed using a flow-through design wherein mine water flows through the treatment media, which also serves as the carbon source. Carbon media typically utilized includes mushroom compost, manure, and wood chips (Choudhary et al., 2012) , though other efforts have explored use of liquid carbon sources (Zamzow et al., 2007) . Reactors with a solid carbon media source are usually very effective initially but can lose effectiveness over time due to consumption of easily utilized carbon, significant changes in hydraulic conductivity, and sludge accumulation in the reactors. The primary purpose of these reactors has typically been acidity and metals removal; sulfate reduction is used as a mechanism to create enough sulfide to treat metals and generate alkalinity.
In this work, sulfate reduction is the main concern, and design was tailored to optimize sulfate reduction rates while minimizing capital and O and M costs. Instead of flow through media, the carbon source, ethanol, is fed continuously into the reactor as a source of chemical oxygen demand (COD) to achieve reduction. Ethanol theoretically produces 2.09 mg COD/mg ethanol (Haandel et al., 2012) . The reactors are only filled with large, unreactive cobbles. A recirculation loop and settling pond serve to remove a large percentage of the solids generated. In this way, the carbon source and hydraulic properties of the reactors can be held constant eliminating much of the variability found in other systems. In addition, the reactors can accommodate much higher flow rates and achieve higher sulfate reduction rates.
The pilot system was designed to begin the process of optimizing the microbial transformation of sulfate to reduced sulfide in order to reach a proposed regulatory goal of 250 mg/L. The microbial process also is expected to remove metals via metal sulfide formation and precipitation, create alkalinity from carbon metabolism, and produce elemental sulfur from the oxidation of excess sulfide. Early experimental results allowed the mining company to enter into a consent order with PADEP to build and operate a full-scale system by December 2016. In the broader picture, the pilot study was seen as an opportunity to assist in bringing these types of treatment processes into more common use.
Methods and Materials
The pilot test was designed to treat a 10 gpm source of mine water containing approximately 2800 mg/L of sulfate, 120 mg/L Fe, and 1.8 mg/L Mn. Typical characteristics of the site's mine water intended for treatment are shown in Table 1 . 
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The design objectives, process flow, and design details for each component of the system are described below. The layout of the system is provided as Fig. 1 . A Process Flow Diagram is provided as Fig. 2 . Figure 1 . SRB System Layout.
Objectives
Overall, the pilot was designed to address the following items:
• Test the viability of using SRB to reduce sulfate concentrations in mine water.
• Determine sulfate removal rates within the volume of the reactors (mmol sulfate/m 3 reactor-day).
• Test effects on other parameters (pH, metals, organic carbon).
• Determine sludge handling requirements.
• Minimize power requirements by utilizing gravity where possible.
• Allow for design of full-scale sulfate reduction system to meet compliance period. 
Design and Construction
The design considerations for the system were derived primarily from literature sources and private communications with several other researchers in the area. These are summarized below.
• The pilot test relies on SRB for sulfate reduction.
• The carbon source for the SRB is a liquid alcohol (ethanol) source fed at the influent to the reactors.
• Water is pulled from the mine pool to a settling pond and circulated through a settling pond and the reactors to aid in metal sulfide precipitation.
• Water will flow from the second reactor to a polishing pond before being discharged to the existing impoundment.
• Each reactor contains 5 multi-depth (10 total) sampling points consisting of slotted PVC piping bedded within reactor cobbles to allow for monitoring of conditions within the reactors.
Overall, the process flow ( Fig. 2) consists of:
• The pilot test flow rates range from 10-20 gpm.
• Raw water is pumped from the mine shaft into a 10,000 gallon holding tank. From the holding tank it is pumped directly to the Settling Pond.
• Water is gravity fed from the Settling Pond into a 10,000 gallon holding tank before being pumped up through Reactor 1 and being gravity fed back to the Settling Pond. Water also pumps from this holding tank into Reactor 2.
• Outfall from Reactor 2 gravity feeds to the Polishing Pond before discharge to the existing impoundment. Reactor 2 also has the ability to recirculate through the Settling Pond, and typically about 1/3 of this water is recirculated to aid in mixing and metals precipitation.
• Overall hydraulic retention time in this system is approximately 3 days.
• Tanks holding the ethanol feed into the influent of each reactor using metering pumps.
These metering pumps are also available to feed nutrients to the reactors as needed.
Pilot Startup and Sampling/Analysis
Construction of the pilot system took place from June 30 to August 15, 2014. Photos showing system construction are displayed in Fig. 3 and 4. The system was installed in accordance with the design information provided above. Additionally, fencing and signage was placed around all system equipment and ponds/reactors.
Following construction, a startup period followed to test system controls and to establish a viable SRB population in the reactors. The reactors were filled with mine water, fed ethanol, and inoculated with bacteria. Inoculation was accomplished by mixing about 10 kg of fresh manure with mine water in a 55 gallon drum. The mixture was allowed to sit for 10 days and then the effluent fed into the mixing pond for distribution through the reactors. No special bacterial inoculant was used. Nitrogen and phosphorus were both added in amounts recommended for good carbon utilization, or 3g/L of H2KPO4, 1 g/L of NH4Cl, and 0.1 g/L of MgCl2 after Isa et al. (1986) .
Geochemical parameters, primarily dissolved oxygen (DO) and oxidation-reduction potential (ORP), were monitored to determine when anaerobic conditions reached levels conducive for sulfate reduction and SRB growth. Additionally, field test kits were used to determine an estimate of the SRB present in each reactor cell (Fig. 5) . The COD concentration was also monitored to ensure concentrations of ethanol in the system were sufficient for sulfate reduction. Initially the COD to sulfate ratio (COD mg/L/sulfate mg/L) was kept near 1, a ratio that should allow complete reduction of sulfate (Bekmezci et al., 2011; Rodriguez et al., 2012) . Ethanol theoretically produces 2.09 mg COD/mg ethanol, but COD was confirmed with laboratory analytical samples. The COD per unit mass varies widely between carbon sources and must be considered when determine carbon source dosing rates (Haandel et al., 2012 ). By early September 2014 optimal anaerobic conditions were present throughout the reactors with a DO <0.1 mg/L and an ORP < -300 mV. Samples were collected in the multi-depth sample points present throughout the reactors. As ethanol degradation proceeded the water in the reactors rose to pH 7.7 compared to the raw mine water pH of 6.8.
The pilot system was sampled every few days initially and then approximately weekly from September through current operation. Weekly sampling and analysis included field parameters pH, DO, ORP, T ( 0 C). Sulfate (method EPA 300.0), sulfide (method SM 4500), alkalinity (method SM20-2320B), COD (method EPA 410.4), Fe, Mn, and Al (method EPA 200.7) were determined by an off-site analytical laboratory (Fairway Laboratories in Altoona, PA). The sampling locations typically included the raw mine water influent, the mixing pond, the reactor outlets, the polishing pond, and the effluent. All analyses were performed using USEPA/ASTM standard methods in state and federal certified laboratories. The QA/QC reports were scrutinized with each submittal to determine if analyte recovery and dilution were accurate.
Full-time system operations began on September 11, 2014 with an average influent/effluent flow rate of 10 gpm. During system operation, pump flow rates and pressures were monitored to ensure the desired flow rate was maintained, in addition to the recirculation rates and metering of ethanol. Ethanol was fed to the system at a target flow rate of 0.016 gpm (1.0 gph).
Results and Discussion

System Chemistry
The pilot system was designed to begin the process of optimizing the microbial transformation of sulfate to reduced sulfide. Based on observed sulfate reduction rates in the literature, a sulfate reduction rate of 500-1000 mmol/m 3 -day was targeted (SME, 2009; Tsukamoto et al., 2014) . The microbial process also is expected to remove metals via metal sulfide formation and precipitation, create alkalinity from carbon metabolism and produce elemental sulfur from the oxidation of excess sulfide.
The basic microbial processes are well known and they include the following generalized reactions.
I.
For sulfate and carbon, utilization by the sulfate reducing bacteria produces sulfide (dissolved and as a gas) and alkalinity as shown in reaction (2). The reaction shown is an overall representation of several microbial processes and chemical pathways. The sulfide produced will be partially deprotonated and solubilized based on ambient pH.
II. The divalent metals in the mine water (mainly Fe and Zn in this mine water) will react with sulfide and precipitate as sulfide solids (3).
III. Excess sulfide will off-gas or form either elemental sulfur (4).
IV. and/or convert back to sulfate in high O2 waters (5).
Performance Results: Water Quality, Metals Removal and Sulfur Transformations
The physiochemical data used in the performance analysis is presented in Table 2 . All of the data collected as part of this study will be made available through the corresponding authors. The data tables will be updated periodically during the expected performance period of two years through September 2016. The tabulated data show several important trends for evaluating performance. For example, sulfate concentrations in the effluent began to decrease after 2 weeks into the pilot study from 2900 mg/L to 1600 mg/L. After 6 weeks sulfate in the pilot effluent reached a minimum concentration of 58 mg/L or a 98% reduction (Fig. 6 ) corresponding to a sulfate reduction rate of approximately 1500 mmol SO4/ m -3/ day. This reduction rate was maintained for 2 weeks. However, as water temperature began to decrease in early November, sulfate concentrations in the effluent began to increase and level out at about 1450 mg/L or only a 50% reduction. Water temperature in the reactors was 16º C at the beginning of the study, decreased to 9º C in November, and to 2º C or less in mid-December through mid-February. The dependence of the reduction process on water temperature is shown in Fig. 7 and is similar to other studies where large temperature swings were noted (Praharaj and Fortin, 2008 to inability to obtain a delivery of a carbon source and decreased COD). Figure 8 shows a photo of an operating reactor in icy conditions in January 2015. Calculation of metals (primarily Fe) deposition in the bioreactors given these loading rates indicates that porosity would be decreased by approximately 1% annually within the bioreactors; actual rates would need to be confirmed over time. Removal of Mn is not due to sulfide formation but more likely due to carbonate formation in the reactors where alkalinity is produced from ethanol metabolism (Edwards 2008; Paulina et al., 2011) . Some Mn adsorption to FeS is also possible.
Operation of the reactors has shown formation of alkalinity corresponding to the amount of sulfate reduction. The alkalinity produced has ranged from 500-1500 mg/L (as CaCO3) through operation of the system. The alkalinity is highest in the system effluent and this may present opportunities for long-term source treatment by recirculation back into the mine pool.
The sulfide (mainly HS -and minor amounts of S = ) concentrations observed in the reactor effluents are shown below in Fig. 9 . 
Where Stotal = total S = influent sulfate in mixing pond feed to reactors (direct measurement). The estimate of elemental sulfur and sulfide gas is represented by equation (7) The sulfur distribution plot demonstrates that under the higher temperature (highest reduction rate) conditions observed in the late summer/fall, sulfate reduction yields in decreasing amounts elemental sulfur and gas > metal sulfides > non-reduced sulfate > soluble sulfide. Elemental sulfur has not been quantified but is easily recognized in the reactors where it occurs as a thin film of milky white particles at the reactor surface where it slowly settles on the large cobbles below (see From a performance perspective this distribution provides some advantages. For example the more elemental sulfur the system can produce will result in a decrease in the gaseous forms of sulfide which could result in noxious air conditions. The sulfate reduction system can be limited in effectiveness if the reduction product, soluble sulfide, is too high in the effluent since sulfide can re-oxidize to sulfate in well oxidized receiving waters (Glombitza 2001; Bekmezci et al., 2011) . In the present case, the small amount of soluble sulfide in the effluent keeps effluent sulfur at an acceptable level even if the remaining soluble sulfide re-oxidizes to sulfate. Taken as a whole, the distribution pattern allows for an identification of probable residuals management as the project progresses.
SO4 = sulfate in effluent (direct measurement).
MS = Metal Sulfides
One of the primary goals going forward will be to keep physiochemical conditions optimal for the formation of elemental sulfur compared to soluble sulfide. If soluble sulfide requires removal, a separate polishing pond could be required. For a larger scale plant, formation and buildup of H2S gas must also be addressed; under the current system the system creates nuisance odors but are below all worker exposure limits in the breathing zone. 
Reactor Solids Sampling and Analysis
During the January 20, 2015 sampling event, solids coating the surface of the rocks in the reactors were sampled. While the system design removes solids mainly in the settling pond upstream from the reactors, some solids are not settling quickly and precipitate out in the reactors near the influent point. The settling pond will be sampled during the investigation but was not possible at this time, so these solids serve as a surrogate for the solids in the settling pond.
Sampling was accomplished by simply removing the upper layer of rocks in the reactor to about 1 ft bgs and then scraping samples of the coating off of individual cobbles into pre-cleaned, wide mouth 100 ml glass bottles. The samples were sent to the RJLee microscopy lab for optical microscopy examination and XRD inspection. The initial analysis indicated that the main solids formed were amorphous iron sulfides likely containing both FeS and FeS2 (Paulina et al., 2011; Sheoran, 2010) . Because iron is the only metal in significant quantities in the mine water (the raw mine water contains about 120 mg/L of iron and only trace amounts of other metals) it was expected that the solids would consist primarily of iron sulfides and oxyhydroxides. The sulfide solids form from the mixing of the Fe(II) in the mine effluent with the reduced reactor water rich in soluble sulfide. Some iron oxyhydroxides would be expected as well, as some of the mine water is oxidizing rapidly before it reaches the mixing pond allowing for some hydroxide solids. An example of the appearance and morphology of the samples is shown below in Fig. 13 . residues is planned for the duration of the pilot study in order to more definitively identify the solids forming and to understand the long term stability of the solids.
Summary and Conclusions
An ethanol fed bioreactor system was designed and constructed in 2014 to remove sulfate in near-neutral mine water with the goal of maximizing sulfate reduction prior to discharge. The unique design elements consist of metals removal circuit, ethanol feed circuit, twin bioreactors bedded with large cobbles and seeded with sulfate reducing bacteria but containing no additional carbon source.
The pilot test was designed to treat a 10 gpm source of mine water containing approximately 2800 mg/L of sulfate, 120 mg/L Fe, and 1.8 mg/L Mn. After 4 weeks of operation, the bioreactors were able to achieve sulfate reduction rates not typically seen in the literature (1500 mmol/m 3 -day) and showed to be a viable alternative for meeting treatment goals. As water temperature decreased to 9º C and then 2º C, sulfate reduction decreased to 500 mmol/m 3 -day, an observation not uncommon in the literature. Sulfate reduction rates increased as expected with the warming temperatures in April 2015.
Effluent sulfate ranges from 58 to 400 mg/L at 16º C and about 1400 mg/L at 2º C. In addition, the bioreactor produced 500-1500 mg/L of total alkalinity due to ethanol metabolism, typically corresponding with sulfate decreases. Effluent metal concentrations were decreased to 1 mg/L Fe and 0.2 mg/L Mn. The recirculation loop was found to remove 90% of Fe in the settling pond prior to entering the reactors to minimize sludge accumulation.
O and M and operating costs for the pilot system were kept to a minimum and consisted primarily of basic pump cleaning, refilling of ethanol tanks, winterization of pump infrastructure, and adjustment of flow rates for optimal performance.
Micro-mineralogical analysis of precipitates on reactor cobbles shows Fe occurring mainly as FeS and FeS2 with some mixed sulfides and some iron oxyhydroxides. While precipitates in the settling pond were unable to be sampled directly, precipitates formed in the pond are presumably in the same form. Manganese solids are likely primarily carbonates and formed in the reactors where alkalinity is produced and not in the settling ponds. Material balance and species distribution for sulfur was found to be: S o (32%) > Metal Sulfides (25 to 31%) > SO4 = (25%) > HS -and S = (g) (11%).
While the system performance is promising, there is much work to accomplish. Several important system processes require closer inspection:
• Sulfate reduction rates over time and seasonal variations must be further studied.
• The residual sulfur speciation may require control. Sulfide in the effluent may need to be removed either by adsorption to an inexpensive media or converted to elemental sulfur by carefully controlling ORP and pO2. Elemental sulfur may require collection.
• The formation and accumulation of H2S gas in a large scale system must be explored to not create a hazardous environment for workers or the surrounding community.
• The Settling Pond will eventually require dredging. Solids buildup in the Settling Pond will be assessed by emptying the pond after a year of operation or if accumulation becomes evident visually or in performance testing. The metal sulfides within the sludge will be kept in an anoxic environment probably by pumping back into the mine pool. Calculation of metals (primarily Fe) deposition in the bioreactors given calculated loading rates indicates that porosity would be decreased by approximately 1% annually; actual rates would need to be confirmed over time. Assessment of pump back water on the mine pool chemistry would also require investigation.
• The carbon source will be inspected as well to determine the optimal dose for sulfate reduction. The carbon source cannot become cost prohibitive so other admixtures with ethanol or other liquid carbon sources could be tested.
Scheduled 2015 activities include monitoring performance with temperature, optimization of flow rate, ethanol feed and elemental sulfur production, and assessment of requirements for a fullscale design to treat all the water pumped from the mine pool using this technology.
